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what take home messages do these new structures multidomain proteins. Rather than observe a folding
landscape populated by individual domain-foldingleave us with? In addition to the obvious questions about
regulation and ligand binding to the SH3, linker, and GK events, the PSD-95 structure suggests that one should
see a single major global folding (or unfolding) transition.domains that need to be clarified, it will be exciting
to learn whether the PDZ domains also play a role in This may explain how mutations within a single isolated
domain of a multidomain polypeptide can result in globalcontrolling PSD-95 oligomerization. Do the PDZ do-
mains behave like balls on a string, or are they also protein instability and human disease.
structurally tethered to the SH3-GK domains? Does li-
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plexes disassembled during synaptic remodeling? Cambridge, Massachusetts 02139
From a global perspective, the first thing these struc-
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by the type I receptor kinase on the last two serinesPhosphoserine-Dependent
of a carboxy-terminal SSXS motif that is found in allRegulation of Protein-Protein R-Smads. This signals a dramatic shift in R-Smad pro-
Interactions in the Smad Pathway tein partnering such that phosphorylated R-Smads dis-
sociate from the receptor and SARA and assemble into
either homomeric complexes or heteromeric complexes
Transforming growth factor  (TGF-) is a secreted with the common Smad, Smad4 [3]. The Smad complex
growth factor that regulates the transcriptional pro- then translocates to the nucleus, where it can regulate
gram of cells via heteromeric complexes of transmem- transcription and protein stability. Thus, serine phos-
brane type II and type I Ser/Thr kinase receptors and phorylation in this pathway functions not only to induce
the Smad intracellular signal transduction pathway [1]. protein-protein interactions, but also causes their disso-
The activity of this pathway is tightly controlled by ciation.
serine phosphorylation, which plays a key role in regu- So how does serine phosphorylation positively and
lating protein-protein interactions that are critical in negatively regulate such diverse protein-protein interac-
the elaboration of transcriptional responses. tions? Two papers appearing in the December issue of
Molecular Cell, by Qin et al. and Wu et al., have begun
to address this issue by showing that the Smad MH2At the receptor, signaling is initiated by the phosphoryla-
domain contains a phosphoserine binding region [4, 5].tion of the Gly-Ser (GS) region of the type I receptor.
Further, they show that this region plays a role in stabiliz-This phosphorylation leads to docking of a special class
ing the assembly of Smad homotrimers by interactingof Smads called receptor-regulated Smads (R-Smads)
with the phosphorylated tail region of an adjacent Smad[2]. Regulation of R-Smads by type I receptors is quite
MH2 domain.specific. R-Smad2 and R-Smad3 are phosphorylated
The phosphoserine binding region of the Smad MH2by activin and TGF- receptors, whereas R-Smad1,
domain is composed of a loop (loop 3) which emergesR-Smad5, and R-Smad8 are regulated by BMP recep-
from a region that is enriched in basic residues, the so-tors. In the case of TGF- and activin pathways, activa-
called basic patch (Figure). As might be expected, thetion of Smad2 and Smad3 is facilitated by the mem-
basic patch forms an extensive network of hydrogenbrane-anchoring protein SARA, which preferentially
bonds with the two phosphate groups that are presentbinds unphosphorylated Smad2 and Smad3. Once re-
cruited to the receptor, R-Smads are phosphorylated on the phosphorylated tail of the adjacent Smad MH2
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Figure 1. Structure of the Contact between
the Phosphorylated Tail of R-Smad2 and the
Adjacent MH2 Domain in the Trimeric
R-Smad2 Complex
The Smad2 MH2 domain is represented as a
transparent surface with positively and nega-
tively charged regions colored in blue and
red, respectively, to highlight the basic patch.
The peptide backbone of the MH2 domain is
in pink while the carboxy-terminal tail is yel-
low. The last five residues of the tail and the
residues in the MH2 domain that contact the
phosphorylated tail are shown in stick repre-
sentation. Note how the diphosphorylated tail
forms a hook that nestles into the basic patch
(modified from Wu et al., 2001).
[5]. These bonds are bolstered by additional interactions bly of protein complexes. Qin et al. suggest some inter-
esting possibilities for how this might occur by compar-between the tail and residues in the L3 loop. Interest-
ingly, the diphosphorylated tail of the Smad MH2 domain ing the structure of the trimeric Smad to that of the
monomeric Smad2 MH2 domain that was previouslydescribes a hook that nestles into the basic patch to
form a rigid structure. This is in contrast to the tail of solved in a complex with the Smad binding region of
SARA (Figure) [7]. They note that binding of the L3 loopthe monomeric MH2 domain, which is quite flexible. If
the diphosphorylated tail of Smads binds directly to an to the phosphorylated tail may cause a conformational
shift. Since the L3 loop also plays a key role in bindingadjacent MH2 domain, one might think this is sufficient
to drive the assembly of the Smad trimer. Surprisingly, of Smads to the receptor, this shift may be sufficient to
induce dissociation from the receptor. If so, it wouldthis is not the case for Smads. Analysis of the trimeric
complex of both Smad1 and Smad2 revealed extensive suggest that in addition to simply phosphorylating
Smads, the receptors may also direct the correct assem-contacts between the Smad MH2 domains at regions
distant from the phosphorecognition site. This interface, bly of Smad trimers prior to nuclear translocation. Smad
trimer formation also appears to yield a shift in the posi-called the trimer or subunit interface, is larger than the
contacts between the tail and the basic patch, and is tion of the three-helix bundle, which may be incompati-
ble with binding to SARA. Thus, concerted conforma-essential for assembly of the complex. Furthermore, this
interface can drive assembly of the Smad trimer inde- tional changes in Smads that occur upon their assembly
into a trimeric complex may induce dissociation frompendently of Smad phosphorylation, albeit at much re-
duced affinities. This is dramatically illustrated by Qin membrane-proximal components of the signal trans-
duction pathways, and would be key events to allowet al., who solved the structure of unphosphorylated
Smad1. They found that Smad1 also formed a trimer the Smads to translocate to the nucleus.
The determination of how phosphorylation regulatessimilar to the trimer of phosphorylated Smad2. Remark-
ably, their structure revealed that the unphosphorylated protein-protein interactions in signal transduction net-
works has been dominated by the analysis of phospho-C terminus of Smad1 nestled into the basic patch region
of an adjacent MH2 domain, just like the phosphorylated tyrosine-driven events. In these networks, the high-affin-
ity interaction between phosphorylated tyrosine peptidetail of Smad2. Thus, phosphorylation is not absolutely
required for assembly of a Smad trimeric complex. This motifs and SH2 or PTB domains is sufficient in most
cases to drive stable assembly of protein-protein inter-is consistent with earlier biochemical studies that
showed overexpressed Smads can interact directly in actions. One of the important aspects that emerge from
the current studies is that phosphorylated serine resi-the absence of phosphorylation. Notably, the basic
patch characterized in these current studies may also dues do not fulfill a similar role in the Smad pathway.
Neither study attempted to directly assess the affinity ofinteract with the phosphorylated serine residues in the
GS region of the type I receptor, as mutations in this area the diphosphorylated tail for the basic patch. However,
mutational analysis and examination of the kinetics andof the MH2 may interfere with receptor-Smad interaction
[6]. This would be consistent with the conserved spacing structure of the nonphosphorylated Smad1 complex
suggest that phosphorylation of the tail is not sufficientof phosphoserine residues in both target proteins, and
suggests that the basic patch may interact with multiple to drive stable assembly of a trimer, and further indicate
that the subunit interface is key to controlling the assem-proteins that otherwise display little sequence similarity.
Phosphorylation of R-Smads also induces disassem- bly of the heteromeric Smad complex. Thus, the propen-
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Figure 2. Schematic Model for How Phos-
phorylation May Control Multiple Protein-
Protein Interactions in the Smad Pathway
Binding of unphosphorylated Smad (red) with
the receptor (blue) may be mediated by the
basic patch (BP) L3 loop (L3) interacting with
the L45 loop (L45) and phosphorylated GS
region (GS) of the type I receptor. Carboxy-
terminal phosphorylation (P) and formation of
higher order Smad complexes may induce
dissociation of Smad from both the receptor
and the Smad anchor protein by causing a
coordinated conformational change in the
Smad MH2 domain. A more favorable confor-
mation of the Smad4 (orange) trimer interface
may also promote formation of heteromeric
R-Smad-Smad4 complexes (modified from
Qin et al., 2001).
sity of R-Smads to assemble in heteromeric complexes interesting to see how cooperativity in phosphoserine/
with Smad4 may be dictated by the more favorable tilt of threonine recognition is used to regulate the specificity
the Smad4 three-helix bundle toward the trimer interface and timing of protein-protein interactions.
[4]. Moreover, despite the fact that the tail of Smad1
and Smad2 appear to bind the basic patch in a sim-
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CanadaAll of this begs the question: what is the purpose of
using phosphoserines and possibly phosphothreonines
to drive protein-protein interactions via cooperative
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